Transfection of small RNAs (such as small interfering RNAs (siRNAs) and microRNAs (miRNAs)) into cells typically lowers expression of many genes. Unexpectedly, increased expression of genes also occurs. We investigated whether this upregulation results from a saturation effect-that is, competition among the transfected small RNAs and the endogenous pool of miRNAs for the intracellular machinery that processes small RNAs. To test this hypothesis, we analyzed genome-wide transcript responses from 151 published transfection experiments in seven different human cell types. We show that targets of endogenous miRNAs are expressed at significantly higher levels after transfection, consistent with impaired effectiveness of endogenous miRNA repression. This effect exhibited concentration and temporal dependence. Notably, the profile of endogenous miRNAs can be largely inferred by correlating miRNA sites with gene expression changes after transfections. The competition and saturation effects have practical implications for miRNA target prediction, the design of siRNA and short hairpin RNA (shRNA) genomic screens and siRNA therapeutics.
Transfection of small RNAs (such as small interfering RNAs (siRNAs) and microRNAs (miRNAs)) into cells typically lowers expression of many genes. Unexpectedly, increased expression of genes also occurs. We investigated whether this upregulation results from a saturation effect-that is, competition among the transfected small RNAs and the endogenous pool of miRNAs for the intracellular machinery that processes small RNAs. To test this hypothesis, we analyzed genome-wide transcript responses from 151 published transfection experiments in seven different human cell types. We show that targets of endogenous miRNAs are expressed at significantly higher levels after transfection, consistent with impaired effectiveness of endogenous miRNA repression. This effect exhibited concentration and temporal dependence. Notably, the profile of endogenous miRNAs can be largely inferred by correlating miRNA sites with gene expression changes after transfections. The competition and saturation effects have practical implications for miRNA target prediction, the design of siRNA and short hairpin RNA (shRNA) genomic screens and siRNA therapeutics.
Thousands of miRNAs (21-to 23-nucleotide single-stranded RNAs) have been identified in animals over the past 7 years 1,2 . Research on miRNAs has focused on their biochemical processing and mechanism of action 3 , the scope of their regulatory programs and their differential expression profiles in development and disease 4 . Furthermore, various siRNA or miRNA (si/miRNA) constructs are widely used in functional genomics, and miRNA cellular/tissue profiles are measured in medical diagnostics 5 . Finally, si/miRNAs (and their inhibitors) are in clinical trials for use as medical therapeutics 6, 7 .
Contrary to expectations, however, some genes are strongly upregulated in si/miRNA transfections ( Supplementary Fig. 1 online) . And although there have been encouraging successes in using of si/miRNAs in functional genomics and therapeutics, various unexpected effects have been reported, including a nonspecific immune response 8 and saturation of components of the shRNA or miRNA nuclear export machinery [9] [10] [11] , such as exportin-5. It has been suggested that saturation-related effects can be avoided by using siRNAs 11 (because they do not rely on the nuclear export machinery) rather than shRNAs. Indeed, a recent prominent report specifically claimed that effective siRNAs targeting APOB and F7 do not interfere with endogenous miRNA function 12 . However, use of siRNAs have not been problem-free, as scrambled siRNAs have been shown to cause dose-dependent upregulation of a target gene, SREBF1, in three different cell types 13 , and an elegant report on combinatorial delivery of siRNAs in HEK293 cell lines demonstrated competition for RISC (RNA-induced silencing complex) machinery 14 .
Here, we investigate the hypothesis that the unexplained si/miRNA-induced gene upregulation is due, at least partly, to a loss of function of endogenous miRNAs, as modeled in Figure 1 and supported by previous reports 14 . In this model, transfected small RNAs compete with endogenous miRNAs for the RISC complex or other machinery further downstream than exportin-5 in the miRNA pathway, such as argonaute proteins or TRBP (also known as TARBP2P) [14] [15] [16] [17] . Loss of available RISC through competition would be expected to relieve repression of the targets of endogenous miRNAs-an effect that may be observed as upregulation of target mRNAs and corresponding proteins. We reasoned that we should be able to detect this effect in gene expression profiles measured after si/miRNA perturbations. We also reasoned that this effect may be observable in the dose response and temporal dynamics of the misregulated offtarget genes 18, 19 .
RESULTS

Endogenous miRNAs are upregulated after transfection
To test these hypotheses, we assembled data from published experiments in which small RNAs were transfected into cells in culture, which were then assayed using mRNA profiling or protein mass spectrometry (Online Methods and Supplementary Fig. 2 online) . In total, we gathered data from 151 experiments from seven different cell types, involving 29 different miRNAs (as well as 2 mutant and 2 chimeric miRNAs) and 42 unique siRNAs ( Table 1 and Supplementary Tables 1 and 2 online) . Notably, a large number of genes are upregulated in the si/miRNA experiments, rather than downregulated as would be expected ( Supplementary Fig. 1 ).
To investigate whether predicted targets of cellular (endogenous) miRNAs respond to transfected si/miRNAs, we assessed global expression changes after si/miRNA transfection or miRNA inhibition (Online Methods). Briefly, we used available miRNA expression profiles [20] [21] [22] to define the ten most highly expressed endogenous miRNAs in each cell type, which together make up 70-80% of the measured cellular miRNA content ( Supplementary Fig. 3 online) . We then identified genes with predicted sites targeted by these ten 'endogenous' miRNAs (set D), genes with predicted sites for the 'exogenous' transfected si/miRNA (set X), and a 'baseline' set of genes with neither endogenous nor exogenous sites (set B). All miRNA predictions were based on conserved seed matches (see Online Methods). Differences in global expression changes between gene sets following perturbation were assessed for statistical significance by a one-sided Kolmogorov-Smirnov (KS) test (Online Methods).
When miR-124 is transfected into HeLa cells 23 , genes with sites for HeLa-expressed (endogenous) miRNAs and without miR-124 sites (that is, genes in set D but not in set X, or D -X) are significantly upregulated compared to the baseline set (P o 7.5e-34; Fig. 2a and Supplementary Table 2 ). The magnitude of upregulation was even greater when we limited our analysis to genes with at least 2 endogenous sites and no sites for the transfected miRNA (P o 2.2e-24; Fig. 2a , blue line). Overall, we observed effects of this kind in 89% of the miRNA transfection experiments tested (using significance threshold P o 0.05, n ¼ 61) (Supplementary Table 2) .
To further investigate whether this is a general effect, we pooled all of the HeLa transfection experiments and repeated the analysis. We found that the set D -X was significantly upregulated in the pooled HeLa data (P o 10 À100 ; Fig. 2b ). The same was also true for pooled data in A549, HCT116, HCT116 Dicer -/-and Tov21G cells, with P o 10 À10 for all cell types (Supplementary Table 2 ). Interestingly, in experiments in which an endogenous miRNA was overexpressed, the targets of other endogenously expressed miRNAs were also upregulated. For example, when HeLa cells were transfected with the endogenously expressed miRNAs miR-16 or let-7b, the set D -X was upregulated compared to the baseline set (P o 5.6e-19, P o 6.1e-12, respectively; Supplementary Table 2 and Supplementary Fig. 4 online) .
As a positive control, to verify that transfected small RNAs affected their predicted targets, we compared changes in expression of the targets of the exogenous RNAs to the baseline gene set, both in individual transfection experiments and in sets of experiments grouped by cell type ( Table 1) . As expected, we found that expression of the target mRNAs was significantly downshifted compared to the baseline set (P o 10 -4 in all miRNA transfections; Supplementary Table 2) .
We also investigated whether the effect of miRNA transfection extends to protein levels by analyzing HeLa cell data from mass spectrometry experiments after miRNA transfection 24 . Significant changes in protein levels were observed (Supplementary Table 2 ). In particular, protein levels of target genes with sites for endogenous miRNAs and no sites for exogenous miRNAs (genes D -X) were upregulated when compared to baseline genes (P o 1.3e-9, pooled data). For example, when HeLa cells were transfected with the endogenously expressed let-7b, protein levels of genes with other endogenous target sites increased significantly relative to the baseline (P o 8e-6; Fig. 2c ). Taken together, we find that global perturbations that follow miRNA transfection are consistent with a 'competition effect' in which the transfected miRNA competes with endogenous miRNAs for cellular protein machinery.
siRNA transfections cause the same effect To investigate whether siRNAs perturb the transcriptome similarly to miRNAs, we analyzed gene expression profiles of 42 siRNA transfections in HeLa cells 19, 25, 26 . We found that targets of endogenous miRNAs were significantly upregulated after transfection of an siRNA that targets MAPK14 (P o 7.4e-31; Table 3 online). Pooling the data from these siRNA experiments, we see a significant upward shift in the expression of genes with endogenous sites only relative to the baseline gene set (P o 1 Â 10 À100 ; Supplementary Table 2) . Five different siRNAs designed to target VHL, PRKCE, MPHOSPH1, SOS1 and PIK3CA 26 , respectively. These siRNAs showed upregulation of similar sets of genes including CCND1, DUSP4, DUSP5 and ATF3 (Supplementary Table 3) , despite having different direct targets. As each of these upregulated genes contains at least one site for an endogenous miRNA, this observation is consistent with upregulation as a consequence of the siRNA transfection, independent of the specific siRNA sequence.
Attenuated knockdown of targets with endogenous sites
To investigate whether the 'competition effect' might attenuate the strength of si/miRNA knockdown, we analyzed the expression of genes directly targeted by the transfected si/miRNA. Specifically, we partitioned the set of genes with sites for transfected miRNAs (set X) into two subsets-those without endogenous sites (labeled X -D) and those with endogenous sites (labeled X-D). As a representative example of our results, after transfection of miR-16 into HeLa cells, predicted miR-16 target genes without endogenous sites (that is, X -D) were downregulated significantly more than targets with endogenous sites (that is, X-D; P o 1.2e-3, Fig. 2e ). Limiting the analysis to genes with two or more sites for endogenous miRNAs resulted in an even more pronounced difference (P o 1.1e-4, Fig. 2f ).
Pooling data across a panel of transfection experiments into HeLa cells also gave a significant result (P o 3.6e-13, Supplementary Table 2) . Taken together, these results suggest that competition with cellular machinery may attenuate the effectiveness of si/miRNA knockdown.
A quantitative model resolves the endogenous miRNA profile
To strengthen our analysis and predict the saturation effect on individual genes, we built a quantitative mathematical model of the changes in gene expression after si/miRNA transfection. This model can be used to predict which genes are likely to be upregulated or downregulated (off-target effects) after si/miRNA transfections. Considering each transfection into HeLa cells independently, we first fit a simple linear regression model (Online Methods) to predict the change in expression of genes based on the number of exogenous sites (n X ) and the number of endogenous sites (n D ) in their 3¢ untranslated region (UTR) (Fig. 3a) . In a large majority of experiments, the endogenous count n D was found to be a significant variable for explaining expression changes (84 out of 109 experiments satisfying P o 0.05 by F statistic, Supplementary 
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always positive when significant, meaning that these sites correlate with upregulation, whereas the regression coefficient for the exogenous count was always negative. Figure 3b is a cartoon version of the expected effect on expression of a gene that contains different combinations of exogenous and endogenous sites.
We then refined the model to evaluate whether the presence of sites recognized by individual endogenous miRNAs could explain upregulation of targets in an experiment. More generally, we considered all human miRNA families as potential variables in the regression model and assessed whether sites of individual miRNAs accounted for expression changes in a transfection experiment. We ranked the importance of each miRNA by the number of experiments in which it was included in a forward stepwise regression model (Online Methods). Among the ten most frequently included miRNAs, we identified seven of the most highly expressed miRNAs in HeLa cells and four of the most highly expressed in HCT116 Dicer -/-cells, using no prior knowledge of the miRNAs expressed in those cell types (Fig. 3c) . The top ranked miRNAs retrieved by this analysis, let-7 and miR-21, are thought to be the most highly expressed miRNA in HeLa and HCT116 Dicer -/-cells, respectively, therefore supporting a saturation model. Taken together, these results suggest that the endogenous miRNA profile in a cell can be largely determined from expression changes after transfection of small RNAs, which plausibly are due to competition for cellular resources.
The competition effect has a dose response In a previous study 19 , siRNA dose response was investigated by transfecting an siRNA targeting MAPK14 into HeLa cells in a range of five doses, from 0.16 nM -100 nM, followed by microarray profiling after 24 h. As described in the original publication, we observed that off-target genes (that is, genes other than MAPK14 with sites in their 3¢ UTR for the siRNA) were affected in a doseresponsive manner that mimicked the dose response of the main target (MAPK14) and that these off-target effects were not titrated away at lower transfection concentrations. However, we also found that many genes with sites for endogenous miRNAs follow a pattern of upregulation that mirrors the downregulation of off-targets (Fig. 4a) . More specifically, a fivefold change in siRNA dose from 4 nM to 20 nM produced a twofold change in mean gene expression of the most responsive upregulated genes and the most responsive downregulated genes. The change in expression of both the endogenous target and off-target gene sets reaches near-maximal dose response at 20 nM. In summary, these siRNA saturation effects and off-target effects roughly scale with the dose response of the main target, at least for a significant fraction of genes in these sets, and we did not observe that they were titrated away at lower transfection concentrations.
Evidence for a transitory saturation effect
To measure the time dependence of the response of genes with sites for endogenous miRNAs, we examined published data 19 in which gene expression changes were monitored over a period of 96 h after transfection of an siRNA targeting MAPK14. Given our previous observations that genes putatively regulated by endogenous miRNAs were de-repressed after transfection, we expected that the temporal response of these genes would be similar to that of the intended siRNA target gene and the off-targets (that is, genes with nonconserved (NC) seed matches, X NC ; see Online Methods). We compared the mRNA changes of the putative off-target genes to MAPK14 mRNA itself. Although the off-target genes followed a temporal downregulation pattern similar to MAPK14 in the first 48 h, the expression level of the X NC set of genes returned to near their original expression level by 92 h. In contrast, the intended target MAPK14 had a gradually increasing downregulatory effect, with a half maximal effect at B12 h and a sustained effect from 24-96 h (Fig. 4b) . 
We investigated the dynamics of a set of genes with at least two nonconserved endogenous sites (90th percentile for expression change, pooling all time points, B1,000 genes), compared to a set of siRNA targeted genes (Online Methods). The genes in the endogenous set had maximal upregulation at 24-48 h with similar dynamics across the 92 h, consistent with being targets of endogenous miRNAs competing for components of the RISC (Fig. 4b) . This similarity was also apparent in the expression patterns of the six most downregulated off-target genes and the six most upregulated genes in set D -X NC (Fig. 4c) . The upregulated genes (SCML2, TNRC6, YOD1, CX3CL1, AKAP12 and PGM2L1) each contain at least four sites for highly expressed endogenous miRNAs. The expression patterns of these genes are consistent with the model that they are targets of endogenous miRNAs competing for components of the RISC. As TNRC6 is associated with AGO2 (also known as EIF2C2) in RISC, this inadvertent TNRC6 upregulation may in turn affect the function of all microRNAs expressed in the cell 27 .
We also investigated published experiments 18 that were designed to examine the off-target effects of four therapeutic siRNAs targeting the coronary artery disease target gene, APOB. We observed a significant saturation effect with all of the siRNAs (P o 1e-8 at 6 h, Supplementary Table 2 ), and we noticed that this effect reached its maximum at 6 h. Taken together, these investigations of the temporal dynamics of small RNA gene regulation after transfection show that the upregulatory effect mirrors the expected downregulatory effect, supporting the proposed competition model.
Cell cycle genes are upregulated after si/miRNA transfections Dysregulation of endogenous miRNAs is known to contribute to tumorigenesis 28 , and the experiments we analyzed were conducted in immortalized cell lines (e.g., HeLa cells). We were therefore not surprised to find a significant number of cell cycle, oncogene, and tumor suppressor genes ( Supplementary Fig. 5a online) consistently upregulated across transfection experiments (Supplementary Table 1 ). For instance, known miRNA targets, including the oncogenes HMGA2 (ref. 29) , CCND1 (refs. 30,31) and DUSP2, are upregulated after many different independent HeLa cell transfection experiments, including siRNA transfections. We also find that endogenous miRNA targets in HeLa cells are significantly enriched for cell cycle genes and oncogenes (P o 2e-3, P o 4.5e-14, respectively; see Online Methods and Supplementary Fig. 5b online) . Taken together, these observations raise the possibility that cell cycle and oncogenes may be particularly susceptible to the proposed saturation effect.
miRNA inhibition may upregulate other endogenous targets
Finally, we examined published data 32 that measured expression changes after miRNA inhibition by 'antagomirs' , which are chemically modified single-stranded RNA analogs that inhibit a specific target miRNA. Treatment of cells with antagomirs to miR-16 and miR-106b significantly upregulated genes that contained only endogenous sites (P o 5e-16 (D -X) and P o 2e-30 (D Z2 -X)), including SSR3, PLSCR4 and PTRF (Supplementary Table 3 online). Moreover, inhibition of miR-122 with locked nucleic acid (LNA) molecules 33 also produced significant upregulation of genes with sites for other endogenous miRNAs when compared with a saline transfection (P o 2.5e-6). Dose-dependent accumulation of a shifted heteroduplex band, implying that the LNA-antimiR binds stably to the miRNA, has been observed 33 . This finding is consistent with the hypothesis that the heteroduplex of miR-122::antimiR prevents the availability of free RISC machinery ( Supplementary Fig. 6 online), but clearly more experiments are needed to distinguish between the possible models and to assess the impact of the inhibition effect on the function of endogenous miRNAs.
DISCUSSION
We have shown that transfecting small RNAs affects the expression of genes predicted to be under endogenous miRNA regulation. This effect is observable at both the mRNA and protein levels. Moreover, this effect is observable in experiments that use siRNAs that target particular genes, and in experiments that use miRNA mimics and miRNA inhibitors designed to test the biological effects of miRNAs. Using a quantitative approach, we built a regression model that can identify many of the endogenous miRNAs expressed in a cell type simply from the changes in gene expression after small RNA transfections. The purpose of this approach is not to infer miRNA profiles per se but to provide independent evidence of the indirect perturbation of miRNA function. Finally, we used published data to show that the temporal dynamics and dose response of genes affected by the proposed competition effect follow the same patterns as those of the genes directly targeted by the transfection.
The most plausible model for these observations is saturation of the RISC complex (or other necessary small RNA processing or transport © 2009 Nature America, Inc. All rights reserved. machinery) and competition between the transfected small RNA and endogenous miRNAs for binding (Fig. 1) . However, other models that may be consistent with the observed effect cannot be ruled out by our analyses. Although the precise mechanism of this competition effect remains to be established, the statistical significance of the observed shifts in transcript levels is clear, and the results of these analyses support the thesis that small RNA transfections unexpectedly and unintentionally (from the point of view of the investigators) disturb gene regulation by endogenous miRNA. Our results have potentially important practical consequences for the use of siRNAs and shRNAs in functional genomics experiments. Although it is already known that siRNAs can produce unwanted offtarget effects, such as unintended downregulation of mRNAs through a partial sequence match between the siRNA and target, the effects observed here are distinct and involve the de-repression of miRNA-regulated genes.
Our findings also have consequences for the development of miRNA target prediction methods. As measuring mRNA expression changes after si/miRNA perturbations is a standard way to validate miRNA target prediction methods 23, 25, 34 , one should take the saturation effect into consideration. Despite concerted efforts, bioinformatic si/miRNA target prediction methods still greatly overpredict the number of targets by at least sevenfold 24, [35] [36] [37] . Elegant work showing the dynamic (condition and cell-type dependent) regulation of UTR lengths 38 may explain some of these false positives, as shortening of UTRs may lead to loss of target sites, but is unlikely to explain all. The proposed competition effect may offer an explanation for falsepositive target prediction in cases where UTRs have target sites for both the transfected and endogenous miRNAs (Fig. 3b) . Moreover, as miRNAs may compete with each other for target sites in mRNAs, it may be important to consider RISC saturation in target prediction methodology.
Further, our results have consequences for the development of small RNA therapeutics, considered to hold substantial promise 39 . miRNA inhibitors, such as anti-miR-122, have been used to target cholesterol synthesis 40 , hepatitis C virus 40, 41 and herpes simplex virus 42 . Therapeutic siRNAs have also been designed for potential treatment of cancer, including in melanoma, against vascular endothelial growth factor VEGF-A/-C 43 , and through anti-miR-21 in glioma 39, 44, 45 . Our work illustrates the potentially broad consequences of the perturbation of the cellular miRNA activity profile after introduction of si/miRNA inhibitors, and it suggests that these effects be considered quantitatively during development of small RNA therapies. Experiments that quantify the relative concentrations of protein machinery and small RNAs in a particular cellular context, as well as a fuller exploration of the kinetics of the various binding events involved in small RNA biogenesis and function, are clearly required. Our quantitative model implies a procedure for calibrating and potentially avoiding unwanted effects of the designed small RNA therapeutics.
Our work is subject to some limitations. In particular, this report does not attempt to resolve details of the mechanism behind the competition effect. The calculations of the effect, though carefully evaluated in statistical terms, are subject to the inaccuracies of miRNA target prediction, which entails both false positives and false negatives at the level of particular target genes. We therefore argue in terms of overall distributions, rather than attempting to quantify the involvement of individual target sites in transfection-mediated expression changes. In future work, it may be possible to identify quantitative criteria that determine the extent of the competition between exogenous and endogenous miRNAs and their effects on gene targeting. Quantitative detail will depend on knowing the concentration in the cell of the RISC complex and of other components of the small RNA machinery, the concentration of the transfected and endogenous miRNAs, the concentrations of the target mRNAs and the number of actual targets in the cell for a specific small RNA, as well as kinetic parameters such as the on and off rates of small RNAs in the RNAprotein complexes. Models that posit different concentration-dependent and kinetic scenarios could help focus the range of experiments needed to quantify these effects.
Finally, our results may have an important biological correlate, as the competition effect may have a role in normal biological or diseaserelated cellular processes, such as miRNA-dependent regulatory programs. For example, during both differentiation and disease processes such as cancer, miRNA profiles can change dramatically both in the identity of the dominant miRNAs and in total cellular miRNA concentration. Such changes, by means of competition for limited resources, may orchestrate observable changes in cellular regulatory programs with potential physiological consequences.
In summary, the observed statistically supported competition effect for small RNAs may point to new biological mechanisms and likely has important practical consequences for the use of small RNAs in functional genomics experiments, development of miRNA target and siRNA off-target prediction methods and development of small RNA therapeutics.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturebiotechnology/.
Note: Supplementary information is available on the Nature Biotechnology website. 
ONLINE METHODS
mRNA and protein experimental data sets. We collected data from four types of experiments: (i) transfection of a miRNA followed by mRNA profiling using microarrays 4, 23, 24, 30, 36, 46 ; (ii) transfection of an siRNA followed by mRNA profiling 18, 19, 26 ; (iii) inhibition of miRNA followed by mRNA profiling 33 ; and (iv) transfection of miRNA followed by protein profiling using mass spectrometry 24 . These four types of data sets of 150 experiments encompass seven different cell types, 20 different miRNAs and 40 different siRNAs (Supplementary Table 2 ). The synthetic transfected miRNAs are all commercially available siRNA or miRNA mimics (Dharmacon). Sequences of mimics can be found in the respective references. When possible, we used normalized microarray expression data as provided with the original publications. In all other cases, we used the 'affy' package in the 'R' software package to perform robust multi-array analysis (RMA) normalization of microarray probe-level data. For statistical analysis over multiple mRNA microarray profiling experiments, each experiment was independently centered using the mean log 2 (expression change) of genes lacking conserved endogenous or exogenous sites and normalized to have unit variance in log 2 (expression change) across all genes. This normalization results in a modified Z-transformation of the data, where genes with no exogenous or endogenous sites have mean 0. For the transfection experiments followed by mass spectrometry, we used normalized protein expression levels as provided by the authors of the original publication 24 , Supplementary Figure 2 .
Target prediction. We conducted four different types of miRNA target site searches using miRNA sequences grouped into families, and 3¢ UTR alignment of five species. miRNAs were grouped into families as defined by identical nucleotides in positions 2-8. We searched for target sites for miRNA families in 3¢ UTRs using four different types of seed matches: (i) 6-mers (position 2-7 and 3-8); (ii) 7-mers (position 2-8); (iii) 7-mer positions 2-7 m1A (the first nucleotide an A in the mRNA); and (iv) 8-mers (position 1-8). 7-mer positions 2-8 were selected for analysis because this choice gave the most significant P-values for downregulation of targets with sites for the transfected si/miRNA as compared to baseline genes based on a one-sided KS statistic (set X versus set B, as described below).
For target matches, we considered both nonconserved and conserved targets in human 3¢ UTRs. 3¢ UTR sequences for human (hg18), mouse (mm8), rat (rn4), dog (canFam2) and chicken (galGal2) were derived from RefSeq and the UCSC genome browser (http://hgdownload.cse.ucsc.edu/goldenPath/hg18/ multiz17way/). We used multiple genome alignments across the five species as derived by multiZ. The RefSeq annotation with the longest UTR mapped to a single gene was always used. To establish a conservation filter, we required that the 7-mer target site in human be present in at least three of the other four species, that is, exact matching in a 7-nucleotide window of the alignment in at least three other species, to be flagged as conserved. Restricting to conserved sites led to more significant P-values for downregulation of targets with exogenous sites as compared to baseline genes (one-sided KS statistic, set X versus set B, as defined below). We chose these stringent requirements so that our prediction method would be conservative and err on the side of underprediction rather than overprediction. However, we acknowledge that there are indeed functional siRNA and miRNA target sites that have mismatches, G:U wobbles in the 5¢ end and are not conserved (refs. 48,49) .
Endogenous miRNA expression. We used endogenous miRNA profiles from a compendium 20 for HeLa, A549, HepG2 and TOV21G, which provide relative miRNA expression levels from cloning and sequencing small RNA libraries. We used miRNA profiles from cloning and sequencing data 50 for HCT116 and HCT116 Dicer -/-. For consistency across cell types, we took the top ten miRNAs with highest expression levels (clone counts), which corresponds to at least 75% of the miRNA content in each cell type, to be the set of endogenous miRNAs in our statistical analysis.
KS statistics.
To compare the expression changes for two gene sets, we compared their distributions of Z-transformed log 2 (expression change) using a one-sided KS statistic, which assesses whether the distribution of expression changes for one set is significantly shifted downwards (downregulated) compared to the distribution for the other set. We chose the KS statistic to apply a uniform treatment of data despite the heterogeneity of the transfection experiments, which involve different cell types, different numbers of target genes with sites for the transfected si/miRNA, and different apparent transfection efficiencies. The KS statistic has the advantages that (i) it is nonparametric and hence does not rely on distributional assumptions about expression changes; (ii) it does not rely on arbitrary thresholds; and (iii) it measures significant shifts between the entire distributions rather than just comparing the tails. The KS statistic computes the maximum difference in value of the empirical cumulative distribution functions (cdfs): X (''eXogenous''). Set of genes containing at least one site for the exogenous (transfected) si/miRNA. D (''enDogenous''). Set of genes containing at least one site for an miRNA endogenously expressed in the cell type.
B (''Baseline''). Set of genes containing neither exogenous nor endogenous sites.
D -X. Set of genes containing at least one endogenous site and no exogenous sites.
X-D. Set of genes containing at least one exogenous site and at least one endogenous site.
X-D. Set of genes containing at least one exogenous site and no endogenous sites. D Z2 . Set of genes containing two or more endogenous sites. X-D Z2 . Set of genes containing at least one exogenous site and at least two endogenous sites. Regression analysis to model expression. We performed multiple linear regression to fit a linear model expressing the Z-transformed log 2 (expression change), denoted as y, in terms of the number of a gene's exogenous and endogenous target sites, denoted as n X and n D , respectively:
We use the Matlab regress function to fit the model and assess the significance of the fit as measured by the R 2 statistic. We used the F statistic, also computed by the regress function, to assess whether the linear model with two independent variables, n X and n D , significantly improves the fit over the simpler model: y ¼ c X n X + b, given the number of sites for exogenous si/miRNAs a priori. All P-values from the F statistic across experiments are reported in Supplementary  Table 2 .
Forward stepwise regression analysis. As an extension to the linear model with two independent variables, we performed forward stepwise regression to fit the number of target sites for each of the (162) miRNA families to the Z-transformed log 2 (expression change) data. Starting again with the simpler model, y ¼ c X n X + b, we incrementally added the number of target sites for the miRNA seed family with highest F statistic to the model. The procedure was continued until the P-value from the F statistic for the best remaining seed family failed to satisfy a significance threshold of P o 0.05. The final model can be viewed as a linear combination of the number exogenous target sites and the additive contribution of other miRNAs represented by their number of target sites n i : y ¼ c X n X + X i c i n i + b
Because we did not enforce a stringent significance criterion for including miRNA sites in the model, we do not expect every miRNA added to the model to be correct; however, miRNAs added consistently across different transfection experiments are likely to be significant. We repeated the forward stepwise regression for multiple experiments in HeLa and HCT116 Dicer -/-cells and computed the frequency of the most statistically significant additive factors with positive regression coefficient in the model for each cell type; we reported the ten most frequent of these miRNAs. All P-values from the F statistic across experiments are reported in Supplementary Table 4 online.
Cell cycle and cancer genes. A list of expertly annotated genes for which mutations (both germline and somatic) have been causally implicated in cancer was obtained from the Cancer Genome Project (Cancer Gene Census catalog version 2008.12.16, http://www.sanger.ac.uk/genetics/CGP/Census) 51 . A list of genes that have consistently showed a periodic expression pattern during the cell cycle in several mRNA microarray studies was obtained from the Cyclebase database 52 . From these lists, we could match 312 and 651 genes to the mRNA data sets collected in this work, respectively. The gene sets were designated ''oncogenes'' and ''cell cycle genes,'' respectively. To investigate if oncogenes or cell cycle genes were enriched for miRNA targets in HeLa cells compared to all genes we used Fisher's exact tests.
